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In the chick metencephalon, oligodendrocyte precursors arise in distinct domains of the ventricular zone. During
development, the earliest oligodendrocyte precursors appear in the metencephalic ventral ventricular zone adjacent to the
midline, consistent with their location in the spinal cord. In contrast to spinal cord, however, distinct domains in the lateral
and dorsal metencephalic ventricular zone subsequently generate oligodendrocyte precursors. All oligodendrogenic domains
of the metencephalon appear in close apposition to regions that transiently express sonic hedgehog (Shh). Inhibition studies
demonstrate a functional requirement for Shh signaling in the early appearance of metencephalic oligodendrocyte
precursors, while in vitro studies suggest a dose-dependent increase in the number of oligodendrocyte precursors in response
to Shh. In purified cultures of oligodendrocyte precursors, Shh promotes cell survival and proliferation, suggesting that Shh
can act directly on these cells. These data suggest that Shh may be responsible for the localized appearance of
oligodendrocyte precursors throughout the CNS, irrespective of the dorso-ventral neural axis. © 2001 Academic Press
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Oligodendrocytes, the myelinating cells of the central
nervous system (CNS), are generated in restricted regions of
the neural tube at specific times during development. In the
avian CNS, oligodendrocytes and their precursors can be
identified by the expression of antigens recognized by the
monoclonal antibody (mAb) O4 (Ono et al., 1995; Orentas
and Miller, 1996) as well as the expression of platelet-
derived growth factor receptor a mRNA (Pringle et al.,
1992; Pringle and Richardson, 1993; Pringle et al., 1996).
Earlier in development, cells that have been proposed to be
oligodendrocyte precursors express transcripts of plp/dm-
20, splice variants of the proteolipid protein gene (Timsit et
al., 1995; Spassky et al., 1998; Perez Villegas et al., 1999),
although these may represent only a subset of the oligoden-
drocyte lineage (Spassky et al., 1998).
In the spinal cord, oligodendrocyte precursors arise in the
ventral ventricular zone dorsal to the floor plate around
1 To whom correspondence should be addressed. Fax: 216-368-
t4650. E-mail: rhm3@pop.cwru.edu.
0012-1606/01 $35.00
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All rights of reproduction in any form reserved.mbryonic day 6 (E6) (Ono et al., 1995; Pringle et al., 1996)
nd subsequently migrate to populate lateral and dorsal
pinal cord regions. In thoraco-lumbar spinal cord, all
ligodendrocytes appear to be derived from this single
entral source. For example, oligodendrocyte precursors are
ever detected in dorsal ventricular regions (Ono et al.,
995), and isolated short-term dorsal spinal cord explants
enerate oligodendrocytes only when populated with ven-
rally derived cells (Ono et al., 1995, Orentas et al., 1999).
his ventral appearance of spinal cord oligodendrocyte
recursors is regulated by signals from the notochord.
xposure of dorsal spinal cord to the notochord induces
ligodendrocyte precursors in vivo and in vitro (Trousse et
l., 1995; Orentas and Miller, 1996; Poncet et al., 1996;
ringle et al., 1996). Conversely, notochord ablation (Prin-
le et al., 1996; Maier and Miller, 1997) locally inhibits the
ppearance of oligodendrocyte precursors.
Sonic hedgehog (Shh), a signaling peptide produced by the
otochord and floor plate, is required for the generation of
everal cell types in the ventral spinal cord. Early exposure
f the neural tube to Shh regulates the expression of several
ranscription factors, which creates a pool of ventralized
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514 Davies and Millerprogenitors as well as inducing hepatocyte nuclear factor
3-b1 floor plate cells in the ventral midline (Roelink et al.,
994; Roelink et al., 1995; Briscoe et al., 2000). Further Shh
ignaling specifies motor neurons and ventral interneurons
n a concentration-dependent manner (Roelink et al., 1995;
ricson et al., 1996). Sonic hedgehog is capable of inducing
ctopic oligodendrocytes in explant cultures of dorsal spinal
ord (Poncet et al., 1996; Pringle et al., 1996; Orentas et al.,
999) and appears to be essential for the normal develop-
ent of spinal cord oligodendrocytes (Orentas et al., 1999).
In the spinal cord, oligodendrocytes and motor neurons
ay share a common lineage (Pringle et al., 1996; Sun et al.,
998). Retroviral lineage analyses demonstrated that infec-
ion of early neural tube resulted in clones containing both
ell types (Leber et al., 1990; Leber and Sanes, 1995), and the
oncentration of Shh required to induce motorneurons and
ligodendrocytes is the same (Pringle et al., 1996; Orentas
t al., 1999). Further, changes in location of oligodendrocyte
recursors in the absence of Pax6 (Sun et al., 1998) support
he notion that Shh may act to specify a common motor
euron/oligodendrocyte precursor that subsequently gener-
tes both cell types in a defined sequence. Sonic hedgehog
lso has additional roles in spinal cord oligodendrocyte
evelopment, since inhibiting Shh signaling after motor
euron formation blocks the emergence of oligodendro-
ytes (Orentas et al., 1999).
In the chick metencephalon, oligodendrocyte precursors
lso arise in the ventral ventricular zone (Ono et al., 1997).
o clearly define the regulation of oligodendrocyte precur-
or appearance in the chick metencephalon, the appearance
f O41 oligodendrocyte precursors was assayed during a
ritical developmental window in the presence and absence
f Shh signaling. Our studies confirm the initial ventral
ppearance of oligodendrocyte precursors (Ono et al., 1997),
ut demonstrate subsequent lateral and dorsal oligodendro-
enic regions of the ventricular zone. Sonic hedgehog is
xpressed in regions adjacent to the oligodendrogenic do-
ains, and inhibiting Shh signaling in vivo and in vitro
locks the appearance of oligodendrocyte precursors. Sonic
edgehog can act directly on oligodendrocyte precursors. In
urified cultures, Shh promotes the survival and prolifera-
ion of oligodendrocyte precursors. These data suggest that
he appearance of oligodendrocyte precursors in different
ostro-caudal positions within the neural tube is dependent
pon Shh signaling and that the dorso-ventral restriction of
41 ventricular domains is established by the local expres-
ion of Shh.
METHODS
Cell Dissociation and Tissue Culture
The metencephalon was isolated from at least eight appropri-
ately staged chick embryos and was pooled in cold calcium—
magnesium-free media (CMF). The tissue was minced and enzy-
matically dissociated in a solution of CMF-0.25% EDTA and
0.05% trypsin at 37°C for 12 min. DMEM-10% FBS was added to
Copyright © 2001 by Academic Press. All rightthe tissue to quench the trypsin, and the tissue was triturated in
the presence of DNase. The suspension was centrifuged and the
resulting pellet resuspended in a small volume of F12 media (Gibco
BRL Life Technologies, Rockville, MD). Cells were plated on
poly-L-lysine and laminin-coated coverslips and maintained at
37°C, 5% CO2. The cultures were grown in F12 media supple-
ented with N2 (Gibco BRL) (Bottenstein and Sato, 1979) and 10
g/ml bFGF (Sigma Chemicals, St. Louis, MO). The media was
hanged every other day.
For explant cultures, isolated metencephalon was divided into
entral, intermediate, and dorsal portions. Due to its small size,
issue from stage 19/20 embryos was divided into dorsal and
entral portions only. Explants were placed onto poly-L-lysine-
coated glass coverslips, embedded in 30 ml 3 mg/ml collagen gel
(Collaborative Biomedical Products, Becton Dickinson, Bedford,
MA), and maintained as described for dissociated cell cultures.
The recombinant amino-terminal fragment of sonic hedgehog
protein (n-Shh) (Ontogeny, Cambridge, MA) was added to the
culture media at a concentration of 2.5 nM, unless otherwise noted.
Function-blocking anti-sonic hedgehog antibody (mAb 5E1; Devel-
opmental Studies Hybridoma Bank, University of Iowa, Iowa City,
IA) was purified from hybridoma supernatant and added to the
culture media at a concentration of 5 mg/ml. In some cases, 5E1
upernatant (1:5) was used instead of the purified antibody, and
B11 supernatant (Szigeti and Miller, 1993), an isotype-matched
ntibody, was used as a control. In proliferation assays, 5-bromo-
-deoxyuridine (BrdU) was added to the culture media during the
ast 16–18 h of the culture period (Sigma; 10 mM). The number of
mmunoreactive cells in at least eight fields of view with a 203
ikon microscope objective on duplicate coverslips were counted
n at least three experiments for a total of at least six coverslips
nder each condition.
In Vivo Localization and Inhibition of Shh
Signaling
To transiently block Shh signaling in vivo, 2 3 106 5E1-
producing hybridoma cells (Developmental Studies Hybridoma
Bank) were injected onto the chorio-allantoic membrane of stage
19/20 chick embryos. In older embryos (stage 23), 300 ml of 103
oncentrated 5E1 supernatant was injected into the subblastemal
pace adjacent to the embryo. Control experiments included inject-
ng a similar volume of media or number of isotype-matched
ybridoma cells (7B11) or supernatant. Neither control was signifi-
antly different from normal. Sonic hedgehog was localized by
ncubating tissue from hybridoma or supernatant-injected embryos
ith a second antibody (goat anti-mouse IgG conjugated to peroxi-
ase, 1:200; ICN Biomedicals, Costa Mesa, CA) to determine the in
ivo binding pattern of mAb 5E1.
Immunocytochemistry
Dissociated cells were labeled prior to fixation with the mAb O4
(Developmental Studies Hybridoma Bank) as previously described
(Orentas and Miller, 1996). BrdU incorporation was detected by
sequentially incubating coverslips with 2 N HCl, anti-BrdU anti-
body (Boehringer Mannheim) in 0.5% Tween and 10% normal goat
serum, and finally a secondary antibody conjugated to RITC (ICN).
Explants were fixed with 4% paraformaldehyde at room tempera-
ture for 30 min before being labeled with mAb O4. The explants
were incubated with mAb O4 (1:5) in 10% goat serum/PBS over-
night, thoroughly rinsed, and then incubated with a goat anti-
s of reproduction in any form reserved.
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515Sonic Hedgehog Mediates Local Appearance of Oligodendrocyte Precursorsmouse IgM conjugated to FITC (1:100) (ICN Biomedicals) for 45
min at room temperature. Explants were mounted on glass slides
with N-propyl gallate in glycerol.
For in vivo localization of oligodendrocyte precursors, the tissue
was fixed by immersion in 4% paraformaldehyde with 0.05%
glutaraldehyde for 3 h at 4°C. The tissue was stored overnight in
30% sucrose and then embedded in 5% agar for sectioning on a
Vibratome Series 1000 (Technical Products International, St. Louis,
MO). Then, 50-mm free floating sections were treated in 0.3%
hydrogen peroxide for 20 min, then incubated sequentially with
10% goat serum for 30 min, O4 (1:10) in 10% goat serum overnight,
and a goat anti-mouse IgM conjugated to horseradish peroxidase
(1:400) (ICN Biomedicals) for 1 h. Antibody binding was detected
with DAB (Sigma Chemicals), and the sections were mounted onto
glass slides with N-propyl gallate in glycerol. Quantification was
performed by counting the number of immunoreactive cells in four
fields of view from at least three sections taken from two different
animals. Counts were performed by an observer blinded to the
source of the sections. Cell survival was assayed with the Molecu-
lar Probes Live/Dead Kit according to the manufacturer’s instruc-
tions.
DiI Labeling
To label ventral midline cells with DiI, the metencephalon was
dissected from E5 (stage 25) chick embryos, opened along the dorsal
midline, and placed on a coverslip with the ventricular surface
facing up. A piece of 2% agarose gel prepared in a solution of DiI (3
mg/ml; Molecular Probes) was placed on the ventricular surface at
the ventral midline. After 20 min, the DiI/agarose was removed,
the explants washed with three changes of media, and embedded in
collagen gel. After 2 or 3 days in culture, the explants were fixed in
4% paraformaldehyde for 30 min at room temperature, rinsed three
times in PBS, and then stored at 4°C in 30% sucrose overnight. The
explants were imbedded in OCT (Electron Microscopy Sciences,
Fort Washington, PA), frozen, and sectioned on a cryostat (Leica) or
assayed as whole mounts. Sections were mounted in N-propyl-
gallate and examined on a Nikon Optiphot microscope.
RESULTS
Oligodendrocyte Precursors Arise in a Ventral-to-
Dorsal Progression from Several Domains of the
Ventricular Zone
To define the appearance of oligodendrocyte precursors in
the metencephalon, transverse sections from E3 to E8
embryos were labeled with the mAb O4. The first oligoden-
drocyte precursors in the metencephalon were detected
rostrally in bilateral, ventricular foci adjacent to the ventral
midline at stage 26 (E5) (Fig. 1A). The most intense labeling
was in and near the ventricular zone, although O41 cells
ppeared to be orientated radially and were seen at the
entral pial edge of the metencephalon. The presence of
41 cells in the ventral ventricular zone was retained until
tage 33 (E8).
Oligodendrocyte precursors subsequently populate lat-
ral and dorsal regions of the metencephalon in a rostral to
audal manner. By stage 28 (E5.5), O41 cells could be
etected caudally in the parenchyma near the ventral mid-
Copyright © 2001 by Academic Press. All rightine. Rostrally, at stage 30 (E6), many O41 cells in the
arenchyma were orientated tangential to the ventricle and
ould be detected laterally in the area of the presumptive
ateral pons. In caudal metencephalon, at stage 30, long,
ipolar oligodendrocyte precursors extended laterally
hrough the parenchyma from adjacent to the midline and
ispersed at the transitional area between the lateral pons
nd the cerebellar anlagen. O41 cells were detected in the
orsal parenchyma (the cerebellar anlagen) by stage 32
E7.5), and by stage 34 (E8) the entire metencephalon was
opulated with oligodendrocyte precursors. These data
emonstrate that there is a rostro-caudal and ventro-dorsal
attern of oligodendrocyte appearance in the avian meten-
ephalon.
Lateral and dorsal domains of the ventricular zone in the
etencephalon also give rise to oligodendrocyte precursors.
n the rostral metencephalon, bilateral ventricular domains
f oligodendrocyte precursors were detected by stage 30
Figs. 1B and 1C). These O41 domains were located in more
ateral positions than those in the ventral midline at stage
6, and O41 cells were detectable in these ventricular
egions until stage 32 (E7.5). The O41 cells in the lateral
entricular domains were oriented radially from the ven-
ricular zone towards the pial surface, similar to those
nitially seen in ventral regions. At stage 32, dorso-lateral
entricular domains of O41 cells were observed (Figs. 1D
nd 1E), and occasionally O41 cells were detected in the
entricular zone at the dorsal midline at stages 33 and 34.
ll of the O41 domains of the ventricular zone appeared to
e separated by ventricular areas that did not contain O41
ells during the stages of analysis (E3 to E8). These data
emonstrate a ventral-to-dorsal progression of oligodendro-
yte precursor appearance in the ventricular zone and
arenchyma of the metencephalon. The restricted locations
f their appearance suggest that oligodendrocyte precursor
nduction is regulated by local signals.
Isolated Explant Cultures Developed the Intrinsic
Ability to Give Rise to Oligodendrocyte Precursors
in a Ventral-to-Dorsal Manner
Explant cultures of ventral, intermediate, and dorsal
regions of the metencephalon were assayed at various
stages to determine when each region developed the capac-
ity to give rise to oligodendrocyte precursors in isolation.
All ventral explants at every stage and time point assayed
contained O41 cells. No ventral explant had fewer than 50
O41 cells and most had at least 100 O41 cells. At stage 20
(E3), no control dorsal explants contained O41 cells (Fig.
2A), although all ventral explants contained O41 cells after
7 days in culture, consistent with the hypothesis that the
earliest oligodendrocyte precursors in the metencephalon
are ventral in origin. In explants derived from stage 24
embryos, 40% (4 out of 10) of intermediate and 32% (6 out
of 19) of dorsal explants contained O41 cells after 7 days in
culture (Fig. 2B). Only one control dorsal explant contained
more than 20 O41 cells, and 3 dorsal and 4 intermediate
s of reproduction in any form reserved.
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516 Davies and MillerFIG. 1. Oligodendrocyte precursors arise in a ventral-to-dorsal progression from several domains of the ventricular zone. (A) The earliest
oligodendrocyte precursors in the metencephalon arise in bilateral foci adjacent to the ventral midline at stage 26. Occasional O41 cells
were also detected in the area of the floor plate at this stage. At stage 30, O41 cells were detected bilaterally in lateral domains (arrows)
of the ventricular zone adjacent to the midline (B and C). At stage 32, the lateral domains were less intensely labeled, and new O41 domains
ere detected in dorsal regions (arrows) of the ventricular zone (D and E). The expression of Shh is correlated with the appearance of O41
entricular domains. 5E1 binding at stages 29 (F) and 34 (G) detect transient Shh expression in lateral (arrows, F) and dorsal (arrows, G)
egions of the metencephalon. Shh expression at the ventral midline was detected from stage 17 through stage 34, the latest stage examined
not shown). Scale bars in A, F, and G :250 mm; B, D and C, E: 100 mm. 4v, fourth ventricle.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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517Sonic Hedgehog Mediates Local Appearance of Oligodendrocyte Precursorsexplants contained 10 O41 cells or less. When tissue from
stage 25 (E4.5) embryos was grown for 5 days, 25% (1 out of
FIG. 2. Effects of n-Shh in cultures of chick metencephalon. (A
ultures of dorsal metencephalon from stage 20 embryos. In control
presence of n-Shh, 35% of the explants contained O41 cells. The d
total of at least eight different explants pooled from three differen
oligodendrocyte precursors is grown in the presence of n-Shh, the
intermediate and dorsal metencephalon from stage 24 or 25 embry
20 embryos were grown in the presence of n-Shh for 5 or 7 days. In
(C) intermediate regions from stage 25 embryos, the addition of n-S
he number of O41 cells per explant. (D) When increasing amounts
f oligodendrocyte precursors were detected in the cultures. The
andomly chosen 203 fields of view from duplicate coverslips from4) of control intermediate and 58% (7 out of 12) of control e
Copyright © 2001 by Academic Press. All rightorsal explants contained O41 cells (Fig. 2C). The dorsal
xplants contained more O41 cells than the intermediate
hh is sufficient to induce oligodendrocyte precursors in explant
ures, no O41 cells were detected after 7 days in culture, but, in the
epresent the proportion of explants in each category taken from a
parations. (B) When tissue that is intrinsically able to give rise to
er of O41 cells generated in these cultures increases. Explants of
d dissociated cell cultures of the whole metencephalon from stage
lant cultures of dorsal and intermediate regions from stage 24 and
ncreased the proportion of explants that contained O41 as well as
-Shh were added to dissociated cell cultures, an increasing number
represent the mean number of cells 6 SD counted in at least six
ee separate experiments.) N-S
cult
ata r
t pre
numb
os an
exp
hh i
of n
dataxplants.
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518 Davies and MillerThese results indicate that isolated explant cultures of
ventral, intermediate, and dorsal metencephalon are able to
develop oligodendrocyte precursors in a ventral-to-dorsal
manner, similar to the progression of oligodendrocyte ap-
pearance in vivo. Oligodendrocyte precursor appearance in
intermediate and dorsal explants becomes independent of a
ventral source of signals or cell types between stages 20 and
24. However, explants derived from ventral tissue always
contained more O41 cells than explants from intermediate
or dorsal regions of the metencephalon, suggesting that
most of the oligodendrocyte precursors generated in the
metencephalon arise from the early ventral O41 ventricu-
lar domains.
Isolated explants from each region of the metencephalon
developed the capacity to give rise to oligodendrocyte
precursors when they were isolated several stages before
O41 cells can be detected in these regions in vivo. These
results differ from those in spinal cord, where the appear-
ance of oligodendrocyte precursors in the dorsal spinal cord
is dependent upon the migration of ventrally generated
O41 cells. To determine whether oligodendrocyte precur-
sors migrated from the ventricular midline to lateral and
dorsal ventricular domains, cells at the ventral midline
were labeled with DiI at stage 25 and their dispersal assayed
in whole mounts 3 days later at stage 32. In 12 preparations,
DiI-labeled cells were detected scattered throughout the
ventral neuropil, but no DiI1 cells were detected in lateral
or dorsal ventricular zones. These observations, combined
with the finding that intermediate (lateral) and dorsal
regions of the ventricular zone in the metencephalon con-
tain intrinsic populations of O41 oligodendrocyte precur-
sors, argue against the possibility that ventrally specified
precursors migrate to more lateral and dorsal ventricular
zones.
Sonic Hedgehog Is Present Adjacent to
Oligodendrogenic Domains and Is Required for
Oligodendrocyte Precursor Development in Vivo
To define the distribution of Shh in the metencephalon,
the mAb 5E1, a function-blocking antibody that recognizes
and binds to the amino terminus of Shh (Ericson et al.,
996), was used in an in vivo binding assay. Hybridoma
ells producing 5E1 were grown in ovo on the chorio-
llantoic membrane of embryos at different stages for
everal days. Older embryos were injected with 300 ml of
103 5E1 supernatant instead of hybridomas. The embryos
were sacrificed at different time points, sectioned, and
incubated with a second antibody to reveal the in vivo 5E1
binding pattern.
The pattern of 5E1 binding detected was spatially and
temporally correlated with the appearance of O41 ventric-
ular domains. In stage 29 embryos exposed to anti-Shh from
stage 19 or 25, 5E1 binding was detected in bilateral foci
adjacent to the ventral midline and in lateral patches
abutting the ventricular zone (Fig. 1F). In stage 33–34
embryos exposed to anti-Shh from stages 19, 23, or 27, 5E1
Copyright © 2001 by Academic Press. All rightinding was again detected adjacent to the ventral midline,
ut the lateral patches were no longer seen near the ven-
ricular zone and additional areas of 5E1 binding were
etected in the dorsal parenchyma and at the dorsal mid-
ine, adjacent to the ventricular zone (Fig. 1G). The only
entricular 5E1 binding observed at any stage was in the
entral midline.
To determine whether Shh signaling is required for the
evelopment of oligodendrocyte precursors in the meten-
ephalon, the appearance of O41 cells was compared in
5E1-injected and noninjected control animals. When em-
bryos were injected with 5E1-producing hybridomas at
stage 19 and sacrificed at stages 30 or 32, the number of
oligodendrocyte precursors was dramatically decreased
throughout the tissue (Figs. 3A and 3B). In 10 embryos, 4
animals had fewer than 5 O41 cells in each 50-mm section.
ections from control animals typically contained at least
0 and often several hundred O41 cells (Fig. 3A). To ensure
hat the reduction in O41 cells was not a reflection of an
mmunoglobin reaction, control embryos were injected
ith 7B11, another IgG-producing hybridoma. Injection of
B11 had no effect on the number of O41 oligodendrocyte
recursors in these embryos. These results suggest that Shh
ignaling is required for the proper development of the
arliest oligodendrocyte precursors in the chick meten-
ephalon.
Exposure to neutralizing anti-Shh in embryos older than
tage 23 inhibited the subsequent appearance of O41 cells
n lateral and dorsal ventricular zones but did not inhibit
he appearance of ventral midline O41 cells. Comparison of
he density of O41 cells in ventral and dorsal regions
emonstrated similar densities of ventral O41 cells in
ontrol and experimental embryos (approximately 50 cells/
eld). By contrast there was a significant reduction in the
ensity of dorsal O41 cells in experimental embryos (Figs.
C and 3D). While dorsal regions from control embryos
ontained 95 6 31 cells/field, similar areas from experimen-
al embryos contained 38 6 10 cells/field. These data
uggest that Shh is required during the early stages of
ligodendrocyte precursor appearance and that the lateral
nd dorsal ventricular zones contribute to the dorsal pool of
ligodendrocytes.
Shh Signaling Is Required during the Initial Phase
of Oligodendrogenesis in Vitro
To more precisely control the concentration of 5E1 that the
neural cells were exposed to, dissociated cell cultures of the
metencephalon from various developmental stages were ex-
posed to 5 mg/ml of purified antibody. Dissociated cell cul-
ures were assayed after 5 days in culture, which corresponds
ith time points in vivo when the entire metencephalon is
populated with oligodendrocytes. The number of O41 cells in
cultures derived from stage 20 embryos was decreased by 92%
in the presence of 5E1, but not in the presence of control
antibodies (Figs. 4A–4D). When cultures were derived from
stage 24 embryos and exposed to anti-Shh for 5 days, there was
s of reproduction in any form reserved.
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519Sonic Hedgehog Mediates Local Appearance of Oligodendrocyte Precursorsan 80% decrease, while the number of O41 cells in cultures
derived from stage 26 embryos was decreased by 19% (Fig. 4E).
These results suggest that the initial appearance and survival
of most of the oligodendrocyte precursors in tissue derived
from the metencephalon become independent of Shh signal-
ing between stages 24 and 26 in vitro. A subset (19%) of the
recursors, however, fails to appear when Shh signaling is
nhibited from stage 26. This missing cohort of cells may
epresent the contribution of the late appearing lateral and
orsal O41 ventricular zone domains to the total oligoden-
rocyte precursor population in the metencephalon. These
xperiments also demonstrate that 5E1 can act directly on
eural cells to block the appearance of oligodendrocyte pre-
ursors.
Exogenous Shh Can Regulate the Spatial
Restriction of Oligodendrocyte Precursor
Appearance in Vitro
The appearance of oligodendrocyte precursors and the
FIG. 3. Shh signaling is required for the appearance of oligodendrocyt
detected in ventral and lateral regions of the metencephalon, and occ
in vivo from stage 19 inhibits the subsequent appearance of oligodend
regions of the metencephalon of untreated embryos. (D) Neutralizing
O41 cells in the dorsal regions of the metencephalon but does not alexpression of Shh in the metencephalon are temporally and p
Copyright © 2001 by Academic Press. All rightpatially regulated. To test whether disrupting the restric-
ion of Shh expression can influence the temporal and
patial restriction of oligodendrocyte precursor appearance,
wo different approaches were taken. First, isolated explant
ultures of intermediate or dorsal metencephalon were
rown in the presence of a constant amount of n-Shh (50
g/ml). The explants were isolated at stages 20, 24, and 25,
efore Shh could be detected in intermediate or dorsal
egions in vivo, and grown for 5 or 7 days. In a different set
f experiments, dissociated cell cultures of whole meten-
ephalon from stage 20 embryos were grown for up to 5 days
n the presence of 50 ng/ml of n-Shh. The isolated explant
ulture system maintains a greater degree of the local tissue
rchitecture and local signaling events than dissociated cell
ultures, thus retaining some positional or spatial cues. In
issociated cell cultures, the environmental signals are
ispersed, and most of the cells are exposed to similar
ignals. Dissociated cell cultures also allow for more rigor-
us quantification of the cell types present.
The spatial restriction of oligodendrocyte precursor ap-
cursors in vivo. (A) In stage 32 control embryos, many O41 cells were
al cells were present in dorsal regions. (B) Neutralizing Shh signaling
e precursors. (C) By stage 34, many O41 cells were detected in dorsal
signaling in vivo from stage 23 alters the distribution and density of
e density of ventral O41 cells. Scale bar, 250 mm.e pre
asion
rocyt
Shhearance can be disrupted by the addition of exogenous
s of reproduction in any form reserved.
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520 Davies and Millern-Shh to isolated explant cultures. Explant cultures of
dorsal metencephalon from stage 20 embryos do not con-
tain O41 cells after 7 days in culture (n 5 23). When these
explants were grown for 7 days in the presence of n-Shh,
36% (5 out of 14) contained O41 cells. Three of the
explants had at least 20 O41 cells, while 2 had less than 10
(Fig. 2A). These results indicate that dorsal regions of the
metencephalon from stage 20 (E3) embryos contain cells
that are competent to become oligodendrocyte precursors
FIG. 4. Sonic hedgehog signaling is required during the initia
oligodendrocyte precursors in vitro. Dissociated cell cultures of me
of 5E1 for up to 5 days and then labeled with the mAb O4. When S
the number of O41 cells detected compared with controls. (A, B: co
26 blocked the appearance of 19% of the O41 cells (E). The n
nonoverlapping 203 fields of view from four coverslips (control an
experimental). The average number of cells per 203 field of view
percentage of the average number of cells present in control condiand that Shh signaling is necessary and sufficient to facili- n
Copyright © 2001 by Academic Press. All rightate the appearance of cells of the oligodendrocyte lineage
n this tissue.
In intermediate explant cultures from stage 24 and 25 and
orsal explant cultures from stage 24 embryos, the addition
f n-Shh also increased the percent of explants that con-
ained O41 cells and also increased the number of O41
ells/explant in intermediate explants. (Figs. 2B and 2C).
hese results demonstrate that Shh signaling is sufficient
o generate O41 cells in regions of the neural tube that do
riod of oligodendrogenesis to produce the entire population of
phalon from variously staged embryos were grown in the presence
gnaling was inhibited from stage 20, there was a 92% reduction in
; C, D: 15E1; E, quantification). Inhibiting Shh signaling from stage
er of O41 cells was counted in at least six randomly selected
erimental) taken from two separate experiments (n 5 8 control, 8
perimental conditions was calculated and the data expressed as a
. Scale bar, 250 mm.l pe
tence
hh si
ntrol
umb
d exp
in exot normally give rise to them when cultured in isolation.
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521Sonic Hedgehog Mediates Local Appearance of Oligodendrocyte PrecursorsSonic Hedgehog is expressed in some regions of the
neural tube for several days before oligodendrocyte precur-
sors are detected, suggesting that Shh regulates the spatial
restriction of these cells, but is not a temporal regulator of
this lineage. To test this hypothesis, dissociated cell cul-
tures from stage 20 embryos were grown in the presence of
50 ng/ml of n-Shh and assayed after 2 and 3 days in culture.
O41 cells were initially detected in both experimental and
control cultures after 3 days in culture, supporting the idea
that Shh signaling does not seem to regulate the temporal
specification of oligodendrocyte precursors appearance in
dissociated cell cultures of the metencephalon.
The Oligodendrocyte Precursor Population Can Be
Expanded in Vitro in the Presence
of Exogenous Shh
When tissue that is intrinsically able to give rise to
oligodendrocyte precursors is cultured in the presence of
n-Shh, the number of O41 cells generated in these
cultures increases. In the explant cultures from stage 24
and 25 embryos described above, the number of O41 cells
detected increased when n-Shh was included in the
culture medium. When the explant cultures were derived
from stage 24 embryos, the proportion of intermediate
and dorsal explants that contained greater than 10 and
greater than 20 O41 cells increased. Two of the interme-
diate explants contained at least 50 O41 cells in the
presence of n-Shh. When intermediate explant cultures
from stage 25 embryos were cultured in the presence of
n-Shh, some explants contained at least 20 O41 cells,
while control explants never contained more than 10
O41 cells (Figs. 2B and 2C). N-Shh could be increasing
the number of O41 cells detected in these explant
cultures by increasing the proliferation or promoting the
survival of oligodendrocyte precursors as well as recruit-
ing cells into the oligodendrocyte lineage.
When increasing amounts of n-Shh were added to
dissociated cell cultures of stage 20 metencephalon, an
increasing number of oligodendrocyte precursors were
detected in the cultures. High-density cultures were
grown for 5 days in the presence of 25 ng/ml, 50 ng/ml, or
100 ng/ml of n-Shh and then assayed for the presence of
O41 cells. The addition of 25 ng/ml of n-Shh doubled the
number of O41 cells detected compared to control cul-
tures, and the addition of 50 ng/ml created a 10-fold
increase. In the presence of 100 ng/ml of n-Shh, the
number of O41 cells detected (177.5 5 average number of
cells per 203 field of view) was about 19 times the
number in control cultures (9.15) (Fig. 2D). These results
indicate that exogenous n-Shh is sufficient to dramati-
cally expand the population of oligodendrocyte precur-
sors and it may be a limiting factor in the generation of
these cells.
Copyright © 2001 by Academic Press. All rightSonic Hedgehog Promotes the Survival and
Proliferation of Purified Oligodendrocyte
Precursors in Vitro
The increase in oligodendrocyte precursors in response to
n-Shh could reflect either increased cell proliferation or
survival. To test whether n-Shh promoted precursor sur-
vival, a live/dead assay (Molecular Probes) was used to
determine the ratio of live cells to dead cells in cultures of
purified oligodendrocyte precursors grown in the presence
or absence of n-Shh. After 1 day in culture, the ratio of live
to dead cells was not significantly different in the presence
or absence of n-Shh as determined by a t-test (control, 6.5:1;
n-Shh, 7:1) (Fig. 5). After 2 days in vitro, the ratio of live to
dead cells in the presence of n-Shh increased significantly
(from 7:1 to 10.3:1) (Fig. 5C), while there was no significant
change in the ratio of live to dead cells in control condi-
tions, indicating that n-Shh can promote the survival of
oligodendrocyte precursors. Since there are no other cell
types present in this purified oligodendrocyte precursor
preparation, these data also suggest that n-Shh can act
directly on O41 cells.
To test whether n-Shh increased the proportion of prolif-
erative oligodendrocyte precursors, dissociated cell cultures
of the whole metencephalon or pure populations of O41
cells were grown in the presence or absence of n-Shh, and
the proportion of O41 cells that incorporated BrdU during
the final 16 h of the culture period was determined. The
percentage of O41 cells that incorporated BrdU was in-
creased in the presence of n-Shh in both cases (Fig. 6). In
cultures of tissue from the whole metencephalon, 82.2% of
the O41 cells grown in the presence of n-Shh for 5 days
incorporated BrdU, while, in control conditions, 66.8% of
the O41 cells were BrdU1. In cultures of purified O41
cells, 41% of the cells grown in the presence of n-Shh
incorporated BrdU, while only 31% did so in control con-
ditions. These data demonstrate that the percentage of
proliferative oligodendrocyte precursors is increased in the
presence of n-Shh, and are consistent with the observation
that n-Shh can act directly on O41 cells. Although the
overall proportion of proliferating cells was different in
whole and precursor purified cultures, the proportional
increase in the presence of n-Shh was similar, suggesting a
subpopulation of the oligodendrocyte precursors are respon-
sive to n-Shh. Since n-Shh promotes the survival of oligo-
dendrocyte precursors, the increase in proliferative cells
may reflect an increase in the survival of a normally
proliferative population of O41 cells, rather than mitogen
stimulation.
DISCUSSION
In this study, we demonstrate that oligodendrocyte pre-
cursors arise in several domains of the ventricular zone in
the developing chick metencephalon. The localization of
O41 oligodendrocyte precursors in these ventricular do-
mains is correlated with the transient expression of Shh in
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightadjacent tissue, suggesting that Shh signaling regulates the
spatial restriction of oligodendrocyte precursor appearance.
Neutralizing Shh signaling in vivo prior to the initial
appearance of oligodendrocyte precursors blocks their de-
velopment, and in vitro studies demonstrate a requirement
for Shh signaling during the initial period of oligodendro-
genesis. Quantitative analyses indicate that the amount of
Shh can influence the total population of oligodendrocyte
precursors. In addition, Shh can act directly on oligodendro-
cyte precursors to promote cell survival and enhance pro-
liferation.
Previous studies suggested that oligodendrocyte precur-
sors in the chick metencephalon arise in the ventral ven-
tricular zone around stage 26, and these cells subsequently
migrated laterally and dorsally to populate the entire paren-
chyma of the metencephalon (Ono et al., 1997). Using
comparable localization techniques and isolated explant
culture systems, we confirm that O41 oligodendrocyte
precursors arise in the ventral ventricular zone at stage 26
and migrate extensively. While these ventral ventricular
domains are the earliest source of oligodendrocyte precur-
sors detected in the metencephalon, they appear not to be
unique in this tissue. We have detected additional discrete
ventricular domains in more lateral and dorsal locations
that subsequently develop O41 cells.
Several lines of evidence are consistent with the hypoth-
esis that O41 cells in the lateral and dorsal ventricular
domains of the metencephalon represent oligodendrocyte
precursors. Immunoreactive cells in these regions appear
several stages after those in the ventral ventricular zone,
and in vitro studies suggest that approximately 20% of
oligodendrocyte precursors are induced during these later
stages. It is possible that these late-arising cells may be
derived from these secondary regions. Furthermore, cells
expressing plp-dm20 transcripts, which may represent a
subset of oligodendrocyte precursors, have been detected in
both the ventral and lateral regions earlier in the developing
metencephalon (Perez Villegas et al., 1999) and these cells
most likely correspond to the lateral O41 cells. More
importantly, however, approximately half of isolated dorsal
metencephalon explants give rise to oligodendrocytes in
short-term cultures before being populated by ventrally
derived O41 cells. The ability to generate oligodendrocytes
FIG. 5. Shh can support the survival of oligodendrocyte precursors
in vitro. (A) After 2 days in vitro, control cultures of purified oligo-
dendrocyte precursors contained 5.5 live cells for each dead cell
detected. The live/dead assay used (Molecular Probes) labels live cells
green and dead cells red. (B) In the presence of n-Shh, 10.2 live cells for
each dead cell were detected. (C) The effect of n-Shh on the survival of
ligodendrocyte precursors is shown as a change in the ratio of live to
ead cells from the ratio determined for control cultures after one day
n vitro. The live:dead ratio determined for cells grown in the presence
f n-Shh for 2 days is significantly different from all other ratios as
etermined by a two tailed t-test (*).
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523Sonic Hedgehog Mediates Local Appearance of Oligodendrocyte Precursorsin isolation suggests the presence of an intrinsic source of
these cells in such dorsal regions. The finding that a higher
proportion of dorsal than intermediate explants generate
oligodendrocyte precursors argues strongly against migra-
tion of specified precursor cells from a ventral origin.
Consistent with this hypothesis, DiI-labeled ventral mid-
line cells were found dispersed in the ventral neuropil but
not in lateral or dorsal ventricular zones. These results
contrast with those in dorsal spinal cord, which lacks a
ventricular source of oligodendrocyte precursors (Ono et al.,
995) and only give rise to oligodendrocytes in short-term
ulture after being populated by ventrally derived O41
ells.
The appearance of oligodendrocyte precursors in the
etencephalon ventricular zone appears to depend on local
hh signaling. For example, all the presumptive oligoden-
rogenic domains are adjacent to the localized expression of
hh (Perez Villegas et al., 1999). Oligodendrocytes can be
nduced in early isolated dorsal and intermediate explants
y the addition of purified Shh, and blocking Shh signaling
nhibits the subsequent appearance of oligodendrocytes in
he metencephalon. This dependency on local Shh signaling
or the development of oligodendrocyte precursors appears
o be a common characteristic, since, in thoraco-lumbar
pinal cord, Shh is only expressed in ventral spinal cord,
djacent to a single source of oligodendrocyte precursors
Ono et al., 1995; Orentas and Miller, 1996; Pringle et al.,
1996). Addition of Shh or misexpression in dorsal spinal
cord resulted in ectopic appearance of oligodendrocytes
(Rowitch et al., 1999), while blocking Shh signaling in vivo
or in vitro inhibits spinal cord oligodendrocyte appearance.
Likewise, in more rostral regions of the CNS, oligodendro-
genic domains are closely correlated with Shh expression.
In the developing chick cerebellum, Shh mRNA can be
detected in narrow, parasagittal stripes (Lin and Cepko,
1999) that appear to correlate with the in vivo 5E1 binding
pattern reported in this study.
Sonic hedgehog may regulate the appearance of oligoden-
drocyte precursors in the ventricular domains by selectively
promoting the survival and/or proliferation of the earliest
committed cells within the oligodendrocyte lineage. There
may be cells throughout the dorso-ventral axis that stochas-
tically give rise to oligodendrocyte precursors, but, in the
absence of Shh, these cells die before they express known
markers of the lineage. Addition of n-Shh to explant cul-
tures of dorsal spinal cord is sufficient to cause those
explants to produce O41 cells, indicating that there are
cells present in this dorsal region of the CNS that are
competent to give rise to oligodendrocyte precursors. Sonic
hedgehog has been shown to act as a survival factor for
other cell types. The survival of interneurons, dopaminergic
neurons, and GABAergic neurons is promoted by Shh (Miao
et al., 1997), although, in spinal cord, cell death rather than
cell survival was increased following ectopic application of
Shh (Oppenheim et al., 1999). However, this increase in cell
death may reflect a Shh-independent mechanism to com-
pensate for the generation of ectopic cell types in the
Copyright © 2001 by Academic Press. All rightFIG. 6. The percent of oligodendrocyte precursors that incorpo-
rated BrdU increased in the presence of n-Shh. (A) After 2 days in
vitro, 31% of the cells in purified cultures of oligodendrocyte
precursors incorporated BrdU. O41 cells are labeled green; BrdU1
cells are labeled red. (B) In the presence of n-Shh, 41% of the
oligodendrocyte precursors incorporated BrdU. (C) The percent of
purified oligodendrocyte precursors that incorporated BrdU in
control and experimental conditions after 2 days in culture. Error
bars represent 61 SD.
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524 Davies and MillerShh-treated spinal cords. Shh signaling has also been impli-
cated in the regulation of proliferation of neural cells. In the
mouse cerebellum, granule neuron precursors proliferate in
response to Shh (Dahmane and Ruiz-i-altaba, 1999; Wal-
lace, 1999; Wechsler-Reya and Scott, 1999), while, in the rat
optic nerve, Shh-neutralizing antibodies block the prolifera-
tion of astrocytes in response to retinal ganglion cell axons
(Wallace and Raff, 1999). Likewise, in spinal cord, ectopic
expression of Shh resulted in localized proliferation and
inhibition of differentiation of dorsal cells (Rowitch et al.,
999). Alternatively, Shh may be acting to enhance the
ifferentiation of neural precursors to the point where they
xpress characteristics of cells of the oligodendrocyte lin-
age. Recently, two basic helix—loop–helix proteins
ermed Olig1 and Olig2 have been identified that are
pecifically expressed in the oligodendrocyte lineage (Lu et
l., 2000; Zhou et al., 2000). Expression of these genes
ppears early in development, and their expression is rap-
dly upregulated in dissociated cells in response to addition
f Shh (Lu et al., 2000). In Drosophila, Hh from retinal
xons triggers the differentiation of neurons in the visual
enter of the brain (Huang and Kunes, 1996), while Shh
romotes rodent photoreceptor differentiation in vitro (Le-
vine et al., 1997). It is clear that Shh is not inducing the
final differentiation of cells of the oligodendrocyte lineage,
since this occurs several weeks after the requirement for
Shh (Colello et al., 1995).
In the ventral spinal cord, oligodendrocyte precursors and
otor neurons have been proposed to share a common
rogenitor (Pringle et al., 1996; Sun et al., 1998). In the
etencephalon, however, lateral and dorsal domains of the
entricular zone generate oligodendrocytes in the absence
f motor neurons. It may be that oligodendrocytes in all
egions of the ventricular zone are derived from bipotential
euron–oligodendrocyte precursors (Price et al., 1991) and
hat the type of neuron is specified by other mechanisms.
ndeed, the finding of lateral and dorsal oligodendrogenic
omains implies that oligodendrocytes, unlike motor neu-
ons and floor plate cells, are not “ventral” cell types but
ather are induced by signals (Shh) that have a predominant
entral distribution. This hypothesis is consistent with
everal observations. For example, unlike other ventral
ells, oligodendrocyte precursors migrate throughout the
ntire dorsal ventral neuroaxis. Further, the early establish-
ent of the dorsal ventral axis is not sufficient to facilitate
he subsequent development of oligodendrocytes. Rather,
hh signaling is required at the time of induction of the
recursors and several days after other ventral cells have
een generated.
The requirement for multiple oligodendrogenic regions in
he metencephalon but not spinal cord is unknown. Al-
hough both regions become myelinated in an overall
entral-to-dorsal pattern (Reynolds and Wilkin, 1988; Foran
nd Peterson, 1992), there are differences in the architecture
f the two regions. In spinal cord, the majority of the large
iameter myelinated fibers are located in the ventral re-
ions, close to the source of oligodendrocytes. Dorsal as-
Copyright © 2001 by Academic Press. All rightects of the cord generally develop later and contain smaller
iameter axons requiring fewer oligodendrocytes. The ven-
ral aspect of the metencephalon (pons) is also heavily
yelinated, but dorsal regions of the metencephalon and
ubsequently the cerebellum contain multiple axon tracts
hat are extensively myelinated as well. As an embryo
evelops, the distance over which the oligodendrocyte
recursors from the ventral ventricular zone in the meten-
ephalon would be required to migrate increases dramati-
ally. Independent lateral and dorsal ventricular sources of
ligodendrocyte precursors alleviate the dependence of the
orsal regions upon ventrally generated precursors, and may
erve as a reserve pool of precursors to compensate for any
igrational defects. In addition, the period of neurogenesis
s extended in the dorsal metencephalon compared to the
orsal spinal cord (Jacobson, 1978) and additional local
ources of oligodendrocyte precursors may be required to
nsure the complete myelination of these late-born neu-
ons.
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